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Abstract 
The application of Carbon Capture and Storage (CCS) in the power industry is important for reducing man-made CO2
emissions. This paper proposes new ways to categorize the options for mitigation of man-made CO2 emissions and 
CO2 capture. A detailed description on the ways to capture, transport and store CO2 has been presented.  The power 
penalties and cost can be big challenges to apply CCS to the power industry, while a lot of opportunities exist, such as 
value added CO2 storage, industrial utilization of CO2 and the development of the carbon trade market.
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1. Introduction 
The CO2 becomes an increasingly interesting topic for scientific studies. It is commonly realized that 
man-made CO2 emissions are causing the climate change.    
The atmospheric CO2 concentration increased from about 280 to 379 ppmv during the years between 
1750 and 2005 [1].  The total amount of CO2 in the atmosphere is calculated to be about 2,956 Gt in 2005. 
The fossil fuels deposit about 4,000 Gt of carbon [2]. Global annual CO2 emissions from fossil fuels were 
about 26.4 Gt in the period 2000 to 2005 [1]. If all the carbon storing in fossil fuels had been emitted into 
the atmosphere, the CO2 concentration in the atmosphere would increase to 2,265 ppmv. The global mean 
surface temperature is estimated to increase around 6.3oC over pre-industrial temperatures if the 
equivalent CO2 concentration in atmosphere reaches 1200 ppmv [1]. The International Energy Agency 
(IEA) states that the concentration of greenhouse gases in the atmosphere would need to be stabilised at 
around 450 ppmv in order to limit the average increase in global temperatures to a maximum of 2.4°C [3]. 
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To achieve this goal, IEA concludes that the global energy-related CO2 emissions should be reduced to 
half of the 2005 level by 2050 [4].  
2. Ways to Mitigate CO2 Emissions 
Based on the sequences of man-made CO2 emissions into the atmosphere, the ways of CO2 mitigation 
can be divided into three categories: carbon source based, carbon emitted minimization based and carbon 
sink based. 
The idea of carbon source based mitigation is to substitute carbon based fuels. The CO2 can be 
prevented from emitting by using “free-carbon” (or “less carbon”) energy carriers instead of fossil fuels. 
The energy of the earth primarily comes from the solar energy.  In other words, the solar energy is the 
only energy source, while all others are energy carriers, like the fossil fuels, the wind energy, the nuclear 
energy, the water power, the biomass, the fuel cells, and so on. By switching the energy carriers from 
fossil fuels to others, the demands of energy consumption can be met with fewer CO2 emissions.  
The second category is to minimize CO2 emitted from carbon based plants by energy saving. This 
means fewer fossil fuels will be consumed to meet the energy demands of human beings. As a result, less 
CO2 will be emitted. This category includes the ways to improve the efficiencies of energy conversion, 
transportation and utilization.   
The third category is based on the carbon sinks. The basic idea is that the emitted CO2 can be restored 
in other carbon sinks instead of the atmosphere. A carbon cycle exists on the earth [2]. The atmosphere, 
the oceans, the lithosphere, the biosphere and the fossil fuels can be regarded as carbon sinks. The 
burning of fossil fuels usually means that the carbon is flowing from the fossil fuels to the atmosphere.  In 
order to avoid being emitted into the atmosphere, the CO2 can be stored in other sinks rather than the 
atmosphere. The photosynthesis process is a natural process to change the carbon sinks. A similar way is 
called Carbon Capture and Storage (CCS). The idea of CCS is to separate CO2 from large point sources, 
such as power plants, and inject it into other sinks, like the oceans and the lithosphere. 
 CCS will be responsible for 19% of the greenhouse gas reduction solution in 2050-9% for industry 
and transformation and 10% for power generation [5]. Over 3000 CCS projects are expected to be built 
by 2050. The overall cost to achieve a 50% reduction in CO2 emissions by 2050 will increase by 70% if 
the CCS technologies are not applied. According to [6], coal and natural gas will continue to be the 
dominant energy sources for power generation in the near future. They are responsible for 41.6% and 
19.7% of the world power generation in 2005 and for 46.2% and 25.2% in 2030 respectively. While 
natural gas with a close to 4:1 atomic ratio between hydrogen and carbon emits considerable amounts of 
CO2, coal based power plants produce vastly more CO2. Thus, coal based power plants are the most 
interesting candidates when CCS is applied to the power industry.  
3. CO2 Capture Options 
A combustion reaction is composed primarily of four elements: the fuel, the oxidant, the product and 
the reaction heat. The general case for power plants is that the coal, natural gas, or biomass is combusted 
with the air. The combustion heat is converted to power. The flue gas mainly contains CO2, N2 and H2O. 
In order to capture the CO2, different measures can be taken to do with the flue gas, the fuel or the oxidant, 
resulting three approaches to capturing the CO2: post-combustion, pre-combustion and oxy-combustion. 
Figure 1 shows their main differences. The main separation process for post-combustion is between the 
CO2 and N2, for pre-combustion is between the CO2 and H2, and for oxy-combustion is between the O2
and N2.
The CO2 can be separated directly from the flue gas by absorption, adsorption, membrane separation, 
cryogenic distillation and solidification. This is the so-called post-combustion. The amine-based systems 
1808  Chao Fu and Truls Gundersen / Energy Procedia 16 (2012) 1806 – 1812
Author name / Energy Procedia 00 (2011) 000–000 
are the most commonly used solvents for the post-combustion option. The aqueous ammonia, the 
carbonate-based systems, the membranes, the ionic liquids, and some other emerging technologies are 
frequently studied to separate the CO2 from the flue gas recently [7]. The main challenge for post-
combustion is the low CO2 partial pressure in the flue gas. The CO2 volume fraction in the flue gas is about 
12-14% for coal fired power plants and about 3.2-4.2% for natural gas based power plants [8]. However, a 
big advantage of the post-combustion technology is that it can be applied to most existing power plants by 
retrofitting the flue gas processing systems. The power efficiency penalty related to CO2 capture is around 
9 and 6 percentage points for pulverized coal fired power plants and natural gas based power plants 
respectively when an amine-based system is applied [9]. The penalty is mainly caused by the solvent 
regeneration and the CO2 compression processes.   
The idea of pre-combustion is to convert the fuel to a syngas (H2 and CO) by gasification or reforming. 
The CO is further converted to the CO2 by a water-gas shift process. The CO2 can be separated prior to 
the combustion of H2. The CO2 capture systems in this case are similar to the post-combustion capture 
systems. A promising option for the pre-combustion is the Integrated Gasification Combined Cycle 
(IGCC) with CO2 capture. In an IGCC case, the CO2 volume fraction in the gases after water shift 
reaction is around 40% [10], thus the separation of CO2 can be much easier than the post-combustion 
cases. The pre-combustion technology is mainly applied to new plants. The efficiency reductions for CO2
capture in a dry feed IGCC plant are around 8.5 percentage points, mainly  
Figure 1.  Main separation processes for CO2 capture options 
caused by the water shift reaction, the solvent regeneration, the air separation and the CO2 compression 
processes [9]. 
The core concept of oxy-combustion is to use high purity oxygen instead of air for the combustion 
process so that the flue gas is composed mainly of CO2 and H2O. The CO2 can be separated simply by 
condensing the H2O and then purified by chilling. The oxy-combustion technology can be applicable to 
existing plants by retrofitting the combustion system. A major part of the flue gas is recycled to the 
combustor to control the combustion temperature. The retrofitting of the combustion system can be a 
challenge since the heat transfer characteristics will change if the N2 is substituted with the CO2 in the 
combustor [11]. Another challenge is the O2 supplier. Commercially available air separation technology 
for high volume oxygen production is based on cryogenic distillation. However, one large scale cryogenic 
air separation train may not meet the requirement of the O2 magnitude for a media oxy-combustion plant 
[8]. The efficiency penalty for CO2 capture in a coal based power plant by oxy-combustion is around 10 
percentage points when the cryogenic air separation technology is applied to supply the O2  [12]. The air 
separation unit (ASU) and the CO2 compression & purification unit (CPU) contribute 6.5 and 3.5 
percentage respectively. The efficiency penalty can be reduced to less than 8 percentage points by heat 
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integration between the ASU & the CPU. It is expected to achieve only 4.7 percentage points in the 
coming five years according to [13].  
The chemical looping combustion (CLC) can be categorized into the oxy-combustion option. In this 
process, a solid oxygen carrier is used as the oxidant instead of the O2. The oxygen carrier (MeO) is 
obtained by oxidizing a metal-based compound (Me) with air. The fuel (CnH2m) reacts with MeO. The 
CO2 is highly concentrated in the flue gas and can be captured. CLC is in the early development stages. 
The main reactions for a CLC process are listed as following two equations: 
2Me + 0.5O MeO→                                                                 (1) 
n 2m 2 2C H  + ( 2n + m ) MeO CO  + mH O + (2n + m) Me→                                  (2) 
For coal based power plants, oxy-combustion may be a better option than post-combustion since both 
the reduction in power efficiency and the increment of investment for CO2 capture are less [14]. 
Meanwhile, the possibility of co-capture of SOx and NOx can be attractive when oxy-combustion is 
applied to coal based power plants [9]. The pre-combustion is comparable to the oxy-combustion 
considering the efficiency penalty and investment related to CO2 capture.  For natural gas based power 
plants, post-combustion may be the best choice. The efficiency penalty and investment are obviously less 
for post-combustion than for other two options [14]. It is also a challenge to design oxy-combustion gas 
turbines when oxy-combustion is applied in natural gas based power plants. 
The cost of CO2 capture depends on many factors, such as fuel types, plant locations, capture 
technologies, plant performance, capture specifications, and so on. Generally, the cost can vary from 
around 30 to 100 US dollars per tonne CO2 avoided [9]. The average costs for CO2 transportation and 
storage may be range from about 4 to 12 US dollars per tonne CO2. The cost data of CCS keeps some 
uncertainties. 
For coal based power plants, the partial capture technology can be applied in the post-combustion and 
pre-combustion cases [15]. An important reason for partial capture is that the number and size of 
equipment can be reduced. By partially capturing CO2 instead of capturing 85-90% of emissions (full 
capture), the capital investment can be reduced. The plant performance is also improved. 
4. CO2 Transportation and Storage 
CO2 is commercially transported by pipelines and ships in a dense phase so that less volume is 
occupied. The specifications of CO2 depend on the way of transportation and storage [16]. Generally for a 
short distance, pipelines are preferred. For long distances, ships are better choices since it can be very 
expensive to construct long pipelines [17]. Compared with CO2 capture processes, the cost of 
transportation processes can be much lower. The investment on the construction of pipelines and ships 
plays an important part in the total cost.  
The CO2 storage sites are regarded as carbon sinks. Two main ways exist for CO2 storage-underground 
geological storage and ocean storage. The CO2 can also be stored by mineral carbonation and industrial 
utilization, but the capacity is much smaller compared with the two main ways. 
The basic idea of ocean storage is to transport the CO2 to the deep ocean for direct release. The liquid 
CO2 is denser than the surrounding sea water below around 3000 m [17]. The CO2 can also be stored by 
dissolution of carbonate minerals and other ways.  The physical capacity for CO2 storage in the ocean is 
large enough relative to fossil-fuel resources. However, the CO2 injection can have negative biological 
and physiological impacts [17]. The ocean storage will change the hydrogen ion concentration (pH), 
which may affect marine life.  
The geological storage sites can be divided into two categories: non-value added sites and value added 
sites [18]. Non-value added sites refer to those developed only for CO2 storage, like depleted oil and gas 
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reservoirs, deep aquifers and salt caverns. Deep saline formations are the most promising long-term CO2
storage option [5]. At depths below about 800–1000m, supercritical CO2 has a liquid behavior that 
provides the potential for underground storage in the pores of sedimentary rocks [17]. According to [5], 
around 145 Gt CO2 will be stored in 2050,  while the global storage capacity is estimated to be between 
8000 and 15000 Gt. There are large uncertainties on the estimation of global storage capacity of CO2,
however, most estimation results show that the global storage capacity is large enough to meet the 
demand. The risk assessment & monitoring are still being studied, especially for long term geological 
storage [19]. 
Value added sites refer to those developed primarily for enhanced recovery of fossil fuel fluids and 
storage of CO2 as a secondary benefit, such as the sites for enhanced oil recovery (EOR), enhanced gas 
recovery (EGR) and enhanced coalbed methane recovery (ECBM). These storage options can be very 
attractive since the cost of CCS can be offset in this case. The use of CO2 can recover up to 12% of 
remaining fuels [18]. The EOR technology has been successfully applied especially in North America. 
The key point is that substances (not only the CO2) in supercritical states can be miscible with the oil. The 
CO2 flood can dissolve in the oil, thus reduce its viscosity and move the oil towards the producing well. 
The oil recovered by CO2 represents 5% of USA’s oil production [20]. The CO2 consumption can be 0.26 
to 0.32 tonnes per barrel of oil in general [21], meaning huge CO2 consumption demands in the EOR 
industry. More than 90% of CO2 feed is stored underground and can not be recovered for recycle usage 
[22].  
Typically, the EOR technology based on CO2 is applicable to reservoirs with a recovery rate between 
30% and 60% [23]. Above 60%, the reservoirs’ recovery rate is high enough and the EOR is not needed. 
If the recovery rate is less than 30%, the price of oil recovery can be too high since a large amount of CO2
will be injected. In the non-value added sites, the CO2 is stored without any other benefits. If the CO2 to 
be stored in the non-value added sites is used and stored in those oil reservoirs with low recovery rates by 
EOR, some additional benefits can be obtained. However, the location of industrial sites is an important 
role to make such combination feasible.  
5. CO2 Utilization and Carbon Trade 
CO2 utilization is attractive because it can offset a part of the cost of CCS. The CO2 can be used either 
directly as a working fluid or as a feedstock of chemical synthesis processes. The latter usage can be a 
challenge because the CO2 is thermodynamically stable. Current examples for CO2 utilization are urea, 
refrigeration systems, inert agent for food packaging, welding systems, fire extinguishers, water treatment 
processes, horticulture, and many other smaller-scale applications [17]. The CO2 can also be used for the 
production of organic chemicals, polymers and fuels. The industrial utilization of CO2 can prevent the 
CO2 from emitting into the atmosphere. However, the scale of CO2 utilization is small compared to man-
made CO2 emissions, and the utilization is usually in a short term. Therefore, the industrial utilization of 
CO2 is not expected to mitigate the man-made CO2 emissions significantly. 
The high cost of CCS can also be offset by carbon trade. The carbon price today is around 15 $/tonne 
CO2 in the carbon trade market. It is expected to increase to 30-40 $/tonne CO2, while the cost of CCS 
will reach the same range by technological development after 2020 [24]. An example to see how carbon 
trade may promote the development of CCS is from the Clean Development Mechanism (CDM) market. 
More than 2.9 billion tones of CO2 equivalent is expected to be reduced in the period of 2008-2012 by 
CDM [25].  
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6. Conclusion 
The man-made CO2 emissions can be mitigated in many ways. The target of 10% of the greenhouse 
gas reduction solution in 2050 is expected to be achieved by applying CCS to the power industry. Various 
options for CO2 capture, transportation and storage have been developed; however, more work has to be 
performed to reduce the power penalties and cost of CCS. The value added storage and industrial 
utilization of CO2 can somewhat offset the cost of CCS. It is promising that CCS 
will be commercially available around the world with the development of the carbon trade market after 
2020.
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